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Abstract 

In the Minimal Super symmetric Standard Model (MSSM) the masses of the 
neutralinos and charginos depend on the gaugino and higgsino mass parameters 
M, M' and /i. If supersymmetry is realized, the extraction of these parameters 
from future high energy experiments will be crucial to test the underlying theory. 
We present a consistent method how on-shell parameters can be properly defined 
at one-loop level and how they can be determined from precision measurements. 
In addition, we show how a GUT relation for the parameters M and M' can be 
tested at one-loop level. The numerical analysis is based on a complete one-loop 
calculation. The derived analytic formulae are given in the appendix. 



1 Introduction 



If supersymmetry (SUSY) as the most attractive extension of the Standard Model is real- 
ized at low energies, the next generation of high energy physics experiments at Tevatron, 
LHC and a future e~^e~ linear collider will discover supersymmetric particles. Particularly 
at a linear collider, it will be possible to perform measurements with high precision 12] 
which allows to test the underlying SUSY model. For instance, at TESLA [1^ the precision 
of the mass determination of charginos and neutralinos, the supersymmetric partners of 
the gauge and Higgs bosons, will be Am^±,o =0.1 — 1 GeV. To match this accuracy it is 
indispensable to include higher order radiative corrections. 

One goal of all analyses based on precise measurements of cross sections, decay branching 
ratios, masses of supersymmetric particles, etc. will be the reconstruction of the funda- 
mental parameters of the underlying supersymmetric model. In particular, this is needed 
for extrapolating the parameters to the GUT point to check the unification of the super- 
symmetry breaking parameters jSl E] . 

In the Minimal Supersymmetric Standard Model (MSSM) the chargino and neutralino 
system depends on the parameters M, M', /i and tan/3. M and M' are the SU(2) and 
U(l) gauge mass parameter, /i is the higgsino mass parameter and tan (3 = ^ with vi^2 
the vacuum expectation values of the two neutral Higgs doublet fields. At lowest order, it 
was shown in [3 that these parameters can be extracted from the masses and produc- 
tion cross sections in e~^e~ collisions with polarized electron beams. At higher order, this 
extraction of the parameters is, however, not trivial. It depends on the definition of the 
mass matrices (at higher order) and on the renormalization scheme. This is the subject 
of this paper. 

In the (scale dependent) DR scheme the one-loop corrections to the chargino/neutralino 
mass matrix were calculated in [3 |H]. In jH] effective chargino mixing matrices were 
introduced, which are independent of the renormalization scale. For the on-shell renor- 
malization of the chargino and neutralino system which we adopt here, two methods were 
proposed pHl lllj . They differ by different counter terms to the parameters M', M and 
/i. Although both schemes are equivalent in the sense that the observables (masses, cross 
sections, branching ratios, etc.) are the same, the meaning of the parameters M, M' , n 
extracted are different. In the following we want to analyze in detail the determination of 
the parameters of the chargino/neutralino mass matrices at one-loop level in the scheme 
|llj . We will point out that at one-loop level the values of the on-shell parameters M 
and /i depend on whether they are determined from the chargino or neutralino system. 
Another interesting issue is how the GUT relation M' = cM [c = ^taii^Ow in SU(5), 
c = 11 tan^ 9w in AMSB) valid in the DR scheme can be tested if the on-shell values of 
M' and M are extracted from experiment. The one-loop corrections will also change the 
gaugino and higgsino nature of the charginos and neutralinos, in particular also of the 
lightest neutralino. This is important for the dark matter search fT^ IT^ ITl]. The whole 
analysis is based on a full one-loop calculation within the MSSM. The corresponding 
formulae are given in the Appendix. 
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2 The chargino— neutralino sector 



In the CP conserving MSSM the chargino mass matrix has at tree-level the form 

X^f ^ VSmw'sin/? \ 

\ \f2 miv cos (3 y ' 

where we take M, /z, mw and tan/? as on-shell parameters. M and /i are taken real. 
With the real rotation matrices U and V 

jj ^( cos $L sin $L \ y = I \ {2) 

\ -sin$L cos$L y ' \^ -sin$ij cos<I>h ) ^ ' 

it can be diagonalized, 

U XV^ = dicig{ei m^+, 62 rh^+) , (3) 
with Ei = ±1 and the tree-level masses m-+ < rh-+. The solutions of eq. (EI) are 

^ 2V2mH/(Mcos/5 + /i sin/3) ^ 2V2mH^(/i cos/3 + Msin/3) 

tanzOr = K , tan2<Pp = k , 4 

M2-/i2_2m^cos2/3 ' " M2 - + 2m2, cos 2/3 ' 

and 



m|+^ = - (^M^ + + 2m^ t \/{M^ + I^^ + "Iral^f - 4(M/i - ml, sin 2/3)2 j . (5) 

As shown in ^1], the on-shell mass matrix X at one-loop level can be written as a sum 
of the tree-level mass matrix X in terms of the on-shell parameters as in and the 
ultraviolet finite shifts AX 

X = X + AX . (6) 
This implies corrections in the mass eigenvalues, Am -+ , and in the rotation angles of the 

Xj 

coupling matrices, A$l and A$/{. 

In the neutralino sector, we have the symmetric tree-level mass matrix 



Y 



/ M' —mz sin cos /3 sin Qy^ sin /3 \ 

M mz cos Ow cos /? — cos 6w sin /3 

— sin Ow cos /? cos Oy/ cos /3 — /i 

V mz sin sin jd —mz cos sin /3 — / 

(7) 

Using the real matrix Z, we can rotate from the gauge eigenstate basis of the neutral 
gauginos and higgsinos V'j = (""^-^'j V'/Zi; V'Ifa) mass eigenstate basis of the 

neutralinos x° = Zijipj, 

ZY = diag(eim^o, 52^^X2' ^^^^x"' ^4"^x2) " 
Taking the one-loop terms into account 

Y = Y + AY, (9) 
we again obtain corrections in the masses, Am^o, and in the coupling matrix Z = Z + AZ. 
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3 Parameter fixing 



In supersymmetry one has several mass matrices due to the mixing of interaction states. 
We define the on-shell mass matrix such that all elements which are non-zero at tree-level 
have formally the tree-level form but give the physical masses and rotation matrices. We 
always start with a certain set of on-shell input parameters. For these we need fixing 
conditions. All other on-shell entries in the mass matrices can then be calculated. 
The Standard Model input parameters are the pole masses mw = 80.423 GeV and mz = 
91.1876 GeV. The Weinberg angle 9w is fixed by cos9w = mw/rnz [ISJ. The SUSY 
parameter tan f3 is fixed by the condition that there is no transition from the physical 
CP odd Higgs particle to the vector boson |16j, lmIlj^ozo{'m\) = which gives 
the counter term (5tan/5 = Imn^o2o(m^)/(2m^cos^/9). 11^0 zo is the renormalized self- 
energy for the mixing of and In this study, the physical input for calculating our 
input on-shell parameters M, /i, and M' are the two chargino masses and one neutralino 
mass. For the other SUSY parameters we use the simplifications At = Ah = Ar = A for 
the trilinear couphngs and Mq^_^ = M^^ ^ = M^^^ = M^^^ = M^^^, Mq^ = f M^^ = 
Y^Mj^^ = = M^^ = Mq for the soft breaking sfermion mass parameters. 

In the DR scheme (at a scale Q) the parameters M and fi are the same in the chargino 
and neutralino sector. However, the on-shell parameters M and fi get different one-loop 
corrections and thus have different on-shell values due to different thresholds: 

M{Q) = M + 6M{Q) = M^^ + 6Xu = M*" + 5^22 , (10) 
fiiQ) =fx + 5fxiQ) = /i*^ + 5X22 = /i*" - . (11) 

SXij, SYij are the counter terms to the elements Xij, Yij of the chargino and neutralino 
mass matrix. The corresponding expressions are given in the Appendix. The finite dif- 
ference can be expressed in terms of the chargino and neutralino mass matrix counter 
terms 

AM = M^^ - = 5Y22 - 5Xn , (12) 
A/i = fi^^ - fi^" = -(5F34 + SX22) . (13) 

Therefore, we have the freedom to define the input on-shell parameters M and n in 
the chargino sector, i.e. M = M-^^ = Xn, fi = = X22, and obtain corrections in 
the neutralino sector, or fix M and fi in the neutralino sector, i.e. M = = Y22, 
H = = — 134, and get corrections in the chargino mass matrix. For a particular 
physical situation the elements of the one-loop mass matrices X and Y (with on-shell 
parameters plus corrections) are given by the measured neutralino, chargino masses and 
other observables, e.g. cross sections. 

If M and M' are independent parameters it is convenient to use for the on-shell M' the 
definition Yu = M' = Yu- If the SU(5) GUT relation, M' = ftan^^v^M, holds for the 
DR parameters M and M', we obtain a finite shift for the on-shell parameters. Thus we 



4 



can write Fn = M' = | tan' Ow M + AFn, with 



5 sin 6 



w 



cos^ sin 9 



+ 



5M 



11 



11 • 



(14) 



The correction AYn is due to the same effect and of the same order as AM and A/i, 
eq. p2|l and Therefore we include it in our calculations in the cases where gauge 

unification is explicitly assumed. Because M depends on the fixing this is also the case 
for AYii. Let AY^^^ be the correction in the case, where M is fixed in the chargino sector, 
and AYj^ the case, where M is fixed in the neutralino sector, it follows 



AFiY - AFi^i 



tan' Ow AM . 



(15) 



In Fig. n the mass corrections for the lightest neutralino and chargino assuming gauge 
unification are shown as a function of M. If M and /x are fixed in the neutralino sector 
(dashed lines) we have Y22 = M*° = M, Xn = M^* = M + AM, Y34 = = -/i, 

X22 = = ii + Afi and Yu = | tan' 6\yM + AY^ . If M and yU are fixed in the chargino 
sector (full lines) we get 1^22 = = M - AM, Xn = M*^ = M, F34 = = 

— (/i — Ayu), X22 = fJ'^^ = /i and Yu = | tan' 6wM + AY^ . The differences between the 
full and the dashed line are due to AM and A/i, eqs. flT^ . (fT^ and (fT3jl . 





800 



200 400 600 800 200 400 600 

M [GeV] M [GeV] 

Figure 1: Relative corrections to the Xi aiid Xi masses with gauge unification, fixing M 
and /i in the chargino (full lines) and neutralino (dashed lines) sector. The parameters 
are {mAo, tan/5, M^^, Mq, A, /i} = {500, 40, 300, 300, -400, -220} GeV. The grey areas 
are excluded by the bound m-+ > 100 GeV. 



In Fig. 121 the corrections AM and A/j, are given as a function of M and /i. For AM the 
corrections are in the range of AM = —0.2 GeV (white) and AM = -1-0.6 GeV (black). 
The corrections Afi are between A/i = —0.4 GeV (white) and A/x = -f-0.5 GeV (dark 
grey). The difference between two lines are 0.1 GeV. 



5 




-200 -100 100 200 -200 -100 100 200 



AX [GeV] iJ, [GeV] 

Figure 2: The corrections AM and A/i as a function of M and fi (fixed in the chargino 
sector) with the parameters {m^o, tan/5, Mq^, Mq, A} = {500, 7, 300, 300, -500} GeV. 
M' fulfills the GUT relation. 

4 Coupling corrections 

With the one-loop corrections to the rotation matrices U, V and Z, the gaugino and 
higgsino characters of the individual chargino and neutralino states change. This can 
have large effects on decay widths of processes where these particles are involved [T7] . 
The character of the LSP neutralino plays a key role in dark matter theories ^1 ■ 
In Fig. 121 the correction in the gaugino (higgsino) components of the neutralino x^, Gi = 
\Zii\^ + \Zi2\^ {Hi = \Zi3\^ + |Zi4p = 1 — Gi), is presented. In Fig. ^ we show that 
the correction for the lightest neutralino is in the range of 5% (full line). In the case of 
gauge unification (dashed line) the additional large correction to Yn (approx. +10.8% 
at = 370 GeV) leads to a change in the gaugino component up to 30%. In Fig. 
the corrections for all four neutralinos is given for the same parameter set. In the range 
between fi = 370 GeV and fi = 400 GeV, X2 Xs cire nearly mass-degenerated at 
tree-level. At one-loop the mass order and - as a consequence - the numbering changes. 
This is just a small effect in the mass spectrum, but the interchanging of the gaugino and 
higgsino components is in the range of ±30%. 



5 Parameter analysis 

The chargino masses m^+ and production cross sections can be measured very precisely 

at a future e~^e~ linear collider P1|E]. From these observables the mixing angles cos ^l,r 
and by inverting the relations (jU and (0) the fundamental SUSY parameters M, fi and 
tan/3 can be obtained in lowest order El- If a neutralino mass is known, one can also 
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Figure 3: Corrections AG = G — G in the gaugino components as a function of fi, with 
the parameters {tuao, tan/5, Mg^, Mg, A, M} = {500, 20, 300, 300, -500, 700} GeV. In 
(a) the correction of the x? character is presented assuming the SU(5) GUT relation for 
the on-shell (full line) or DR (dashed line) parameters M and M'. In (b) the corrections 
for all four neutralinos {x?, X2? X3? X4} = {full, dashed, dotted, dash-dotted} are given 
(no gauge unification assumed). 

obtain M' at tree-level. However, high precision experiments will make it necessary to 
take into account one-loop corrections. In the following, we will compare the tree-level 
approximations and the full one-loop corrected fundamental SUSY parameters. 
We use as input the two chargino masses, the mass of the lightest neutralino and assume 
the on-shell tan f3 is known from the Higgs sector JE] . Calculating the SUSY parameters 
M and fi from the tree-level mass matrices as given in and (|7j) leads to a four-fold 
ambiguity. For comparison we choose the same branch as in jJUl- Because we use as input 
the physical masses this set of tree-level mass matrices X^'^'^'^, Y^'^'^'^ is different from X and 
Y, which give the true tree-level mass eigenvalues. On the other hand, X*''*''^ and y*'''^*^ are 
defined to give the right physical (on-shell) chargino masses and one neutralino mass. To 
calculate the one-loop corrections, values for the other SUSY parameters {A, Mq, Mq_^, 
m^o) are needed. The following example, calculated for the same set of parameters as in 
Fig. m but m-+ = 350 GeV, shows the chargino and neutralino mass matrices in tree-level 
approximation plus the one-loop corrections, 

-5.1 -0.2 -0.2 1.3 \ 
-0.2 1.5 -0.5 1.8 
-0.2 -0.5 -0.1 1.0 
1.3 1.8 1.0 3.7 J 




^tree 



/ 203.7 -2.1 42.9 

325.9 4.0 -80.3 

-2.1 4.0 -147.0 

V 42.9 -80.3 -147.0 



X = X^'^" + AX*'*'" 



325.9 113.6 
5.7 147.0 





Note that both X^'^'^'^ (ytvee^ ^ have the same physical mass eigenvalues of Xi,2 
and Xi- We call the parameters used in X^^'^^ and Y^^"^"^ effective parameters M'^^, and 
j^ies corresponding to the parameters used in (TU]. With Y = Y + AF = + ^ytree 



7 



(and the corresponding relation for the chargino mass matrix) the fundamental on-shell 
parameters can be determined. For instance, M' = Yn = M'^^ + AY^^'^'^ = 203.7 — 5.1. 
With M fixed in the chargino system we get M = Xu = + AXf^^'' = 325.9 + 1.6. 
In Fig. 0] and the differences between the effective parameters in Y^'^'^'^, j^tree 
the properly defined one-loop on-shell parameters are shown. The effective parameters 
are obtained applying tree-level relations on the measured masses, while the on-shell 
parameters are defined by the elements of the one-loop corrected mass matrices. As 
the effective tree-level and the one-loop corrected chargino mass matrix have the same 
eigenvalues, this may imply sizeable corrections in the rotation angles A^ij^ = ^f^fj — 
^L,R- This can be seen in Fig. 




300 320 340 360 380 400 300 320 340 360 380 400 



m-+ [GeV] m-+ [GeV] 

Figure 4: The relative differences between the effective and on-shell M (a) and /x (b), 
fixing the on-shell parameters in the chargino (full line) and the neutralino (dashed line) 
sector with {m-+, m^o, tan/3, m^o, M^^, M^, A} = {135, 120, 20, 600, 350, 350, 500} 
GeV. 




300 320 340 360 380 400 300 320 340 360 380 400 



m-+ [GeV] m-+ [GeV] 

Figure 5: Fig. (a) shows the effective (dashed line) and on-shell (full line) M'. In Fig. (b) 
there are the relative corrections to cos$i (full line) and cos^r (dashed line). The 
parameters are the same as in Fig. 0] 

If the two chargino masses are known from experiment the complete neutralino mass spec- 
trum can be predicted by assuming the relation M' = c tan^ 6w M for the DR parameters 
or - in the tree-level approximation - for the effective parameters. In Fig. IHl and [7| there 
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are two different cases shown: For a SU(5) GUT (c = |) and an AMSB model (c = 11). 
We get large corrections for the bino-like neutralino due to the correction in Yn. This is 
for Xi or Xs (depending on Tn-+) in the SU(5) GUT scenario and Xa, iii the AMSB model. 




300 320 340 360 380 400 300 320 340 360 380 400 

m^t [GeV] m-+ [GeV] 

Figure 6: The neutralino mass spectrum (a) at one-loop (full) and tree-level (dashed) 
and the relative corrections (b) for the parameters , tan/?, m^o, Mq^, Mq, A} = 
{135, 20, 600, 350, 350, 500} GeV for a SU(5) GUT model. For the mass of the xl (not 
shown) one has m^o ~ m}Io^ ~ "^xj' {full, dashed, dotted, dash-dotted} line 

corresponds to {x?, X3, xl}- 

T 1 1 1 1 1 1 1 1 — _i ! 

(b) - 



J I I I I I I I I I 1_ 

300 320 340 360 380 400 300 320 340 360 380 400 

m-+ [GeV] [GeV] 

Figure 7: An AMSB model neutralino mass spectrum for the same parameters as in Fig. |H1 
In (a) only the tree-level approximation for the bino-like m^o is shown. In (b) the {full, 
dashed, dotted, dash-dotted} line corresponds to {x?, X2? Xa? xl}- 

The GUT relation can be tested by calculating the DR parameters M{Q) = M + SM{Q), 
M'{Q) = M' + 5M'{Q) and tan9w{Q) = tanOw + 5tan9w{Q) at a scale Q. Assuming 
such a relation for the on-shell or effective parameters is an inaccurate approximation, 
as shown in Fig. |H1 For the given set of input parameters the ratio ^ (full line) fulfills 
the SU(5) GUT relation at ~ 402 GeV. Using the effective M^^ , M'^^ (dotted line) 
and the on-shell tan^vF the calculation leads to ~ 450 GeV. Even for the on-shell 
M and M' the GUT point lies at m-+ ~ 437 GeV. 
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0.54 




|tan2^,,,-(Q) . 


0.5 




0.46 






0.42 


' 






380 400 420 440 460 480 



m-. [GeV] 

Figure 8: The ratio ^ as a function of '^^+- The full, dashed and dotted line corresponds 

to the DR, on-shell and effective parameters. The input parameters are the same as in 
Fig.H 

6 Conclusions 

We have presented a detailed discussion of the chargino and neutralino mass parameters at 
one-loop level. The on-shell parameters M, fi and M' are properly defined by the on-shell 
mass matrix elements. We have shown that at one-loop level the values M and /i depend 
on whether they are determined from the chargino or neutralino system. We discussed the 
difference between the on-shell and the so-called effective parameters, which are obtained 
from observables, e.g. on-shell masses, inserted into tree-level relations. The corrections 
to the tree-level mass matrices in terms of the on-shell and effective parameters are 
discussed in different scenarios. The numerical analysis based on a complete one-loop 
calculation has shown that the corrections to the chargino and neutralino masses can go 
up to 10% and the change in the gaugino and higgsino components can be in the range 
of 30%. In addition, we have presented how a possible GUT relation for the parameters 
M and M' can be tested at one-loop level. 
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Appendix 



In the following we present the explicit formulas of all non-(s)fermionic self-energies for 
the neutralinos, charginos, W and Z bosons and the A^Z^-graphs in the MSSM. The 
(s)fermionic part can be found in the appendix of ^1]. The two-point functions Aq, Bq, 
Bi and Bqq jTHj are given in the convention • The neutralino and chargino mass matrix 
counter terms are [TTj : 

1 2 

l,n=l 
1 ^ 

l,n=l 

(A.l) 

with the convention 

n,,(P) = ^(PLnJ.(P) + p^nglfc^)) + P^nf (fc^) + PRiiff{e) . (a.2) 




Neutralino self— energies 



n.7(fc) 



nlj(fc) 



-.2 4 2 



(47r)2 



E E [^n°fc^n. (^x°5o(fc',m|o,m^o) - ^Pi(A;2,m|o,m^o))] ,(A.3) 



n=l fc=l 
2 4 4 



(47r)2 



E E [PnaF^ni (m,oPo(A:^m|o,m^o) + ^Pl(fc^ m|o , m^o))] , (A.4) 



n=l i=3 



2 2 



n=l A:=l 



(p„^,P5, + P„^,,P„^,.,) ltB,{k\ m\^,m\^) 



(of^Oj; + Of^OfJ ^Pl(fc^ m^^, m^^) 



(A.5) 
(A.6) 



(A.7) 



Chargino self— energies 

2 2 2 
\^^) n=\ k=l 
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-,2 2 4 



V^i^l n=l 1=1, 

It {f^uFjuiPr + F,iiF+,Pr) B,{k\ m|-H, m^o)] , (A.9) 



m- 



,2 4 2 



(47r) 



n=l it=l 



E E ^ {Ft^kFfnkPR + F^^,F^^,Pl) B,{k\ m^^^ml. 



^xl (FLFfn^PR + F^^^Ff^^Pj) Bo{e, mlo,mU) 



^1 (A;^ m|+ , 0) + 2m -+ Bq {k\ mU , 0) 

A-i Aj 



(47r)2 



, (A.IO) 
(A.ll) 



(47r)2 

E (Olf 0;«P« + 0:^0;.^„P.) m^., m|)+ 

n=l 

2m-+ (Olf 0;.^Pr + 0:^0;^P^) Po(A:', ^L+' ^'^)] ' (^-l^) 

2^2 ^ 



2m^o (0«0^,.P« + 0^,05p^) Bo{k\ m|o , m^)] . (A.13) 



Z self— energies 



np\k^) 



m|o + m|o + 2m^om^o — k"^ j Bo{k'^, m|o, m|o; 



+2Ao(mto) - 4Poo(/c , mto, mto) 



(A.14) 



^1 f 



A;=l 
2 2 

(Aoimlo) + Ao{m%) + 2(1 - 2sl,rAoiml,) 

fc=i ^ ^ * 



4(47r)2 



_2 / 2 

(47r)^ 



^1 {slpBo{k^, mlo, ml) + 4^So(/^;^ m]jo,ml)) , 



(A.15) 
(A.16) 

(A.17) 
(A.18) 
(A.19) 
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, 9z 
'{Any 

_A_ 

(Any 



87r2 



) + 2Ao(m^)l , 



(A.20) 

(A.21) 
(A.22) 



self—energies 



,2 4,2 



(47r)2 



E Hi + ^+ - + (^5)') - 40gOgm,om,+ (A.23) 



Bo{e, m|o, m|+) + ((Og)' + (Cg)') (>ioKo) + ^o(m|+) - ABoo{k^ m|o, m|+)) 



nf^(A;2) 



{Any 



1 \1 1 

J^^^w [^/|s^5o(/^^mG+,m|) + e^5o(/c^mG+,0)] , 



1 



(47r)2 
1 



2 2 



(47r) 

{Any 
9' 



10Soo(A:^ m|, m^) + (S/c^ + 2m|)So(A;^ m|, m^) 

+2k^Bi{k'^,ml,mw) + 2Ao{mw)] , 
10Soo(A;^ 0, m^) + 5eBo{e, 0, m^) 

+2eBi{k^, 0, m^) + 2Ao(m^) 
CwAo{ml) + SwAo{0) + Ao{mw) 



2 2 

29 



{An) 



2 



(A.24) 

(A.25) 
(A.26) 
(A.27) 

(A.28) 

(A.29) 
(A.30) 

(A.31) 
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A^Z^ mixing 



W9z 
87r2 



E ^°i30y (m^o5o(A;',m|o,m|o) + (m^o - m^o)Sl(A;^ m|o, 



(A.32) 

(A.33) 
(A.34) 

(A.35) 



Couplings 

We used the abbreviations cw = cos 6w-i sw = sin^^F, Qz = g/cwi Ca/s = cos(q; — 
= sin{a — f3), with a the mixing angle in the {h^, H^} system, and for the Higgs-fields 
= {h^, H^}k, = {H^, G^}k, A? = G^}i. The couphng matrices are: 



Imk 



ek 
2 

dk 



and 



Zl3Zm2 + Zm3Zl2 — tan (^O^ml + ^mS^il) 
■^M-^m2 + -^m4'^i2 — tan ^^t^ {ZuZml + ■^m4-^a) 



UiiZi3 - -^{Zi2 + Zii tan 9w)Ui2 



Kik (A.36) 

(A.37) 
(A.38) 
(A.39) 



dk and Ck take the values 

dk — {— cosa, — sina, cos/3,sin/9}fc, = {— sinQ;,cosQ;, — sin/3,cos/5}fe . (A. 40) 
The other used couplings are 

1 _ 1 

(A.41) 



ofj - Zi2Vji — -^Zi4yj2 , ofj 



Zi2Vji — --j=Zi4yj2 , Ojj — Zi2Uji + --j=Zi3Uj2 , 
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O't, = -V^lV,l - \v,2V,2 + 5ii sin^ Ow = 0[f{U ^ V) , (A.42) 

= -\z,,Z,, + iz,4^4 = , (A.43) 

Ckl ■ Cii = C22 = CafS , C21 = -C12 = Saf3 , (A.44) 

cos2/5cos(a + /?) sin2/3cos(a + /5) )' ^ ' 
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